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ABSTRACT
The g’r’i’ colors of seven likely and potential contact binaries in the Kuiper belt were acquired with
the Magellan-Baade telescope and combined with colors from the literature to understand contact
binary surfaces. The likely and potential contact binaries discovered in the dynamically Cold Classical
population display very-red/ultra-red colors. Such a color is common in this sub-population and infers
that the Cold Classical contact binaries were formed in-situ. The likely contact binaries found in
several mean motion resonances with Neptune have colors from moderately to ultra-red suggesting
different formation regions. Among the nine contact binaries discovered in resonances, five have very-
red/ultra-red colors and four have moderately-red surfaces. Based on the very-red/ultra-red colors and
low to moderate inclination of the contact binaries in resonances, these contact binaries are maybe
escaped dynamically Cold Classicals that are now trapped in resonances. Moderately-red surfaces are
common in diverse sub-populations of the Kuiper belt and thus pinpointing their origin is difficult
though they are most likely captured objects formed in the giant planet area. Finally, for the contact
binary population we report an anti-correlation between inclination and g’-r’, as noticed in the rest of
this belt. We also have hints for trends between eccentricity, perihelion distance, rotational period and
g’-r’, but as we are still dealing with a limited sample, additional data are required to confirm them.
Keywords: Kuiper Belt Objects: individual (2004 VC131, 2004 VU75, 2012 DX98, 2013 FR28, 2014 JL80,
2014 JO80, 2014 JQ80)
1. CONTACT BINARIES
Contact and close binaries are found in abundance
across the Solar System in most of the small body pop-
ulations (Agarwal et al. 2017; Ryan et al. 2017; Mas-
sironi et al. 2015; Benner et al. 2015; Mann et al. 2007).
In the Kuiper belt, the existence of tight binaries was
suspected but undiscovered as they are below the reso-
lution of the Hubble Space Telescope (Porter & Grundy
2012). But, Sheppard & Jewitt (2004) found that the
lightcurve of 2001 QG298 was compatible with a contact
binary configuration. They also estimate that the per-
centage of contact binaries should be ∼30%. Because
of a significant change in amplitude for the lightcurve
of 2001 QG298, Lacerda (2011) modeled the system and
concluded that if contact binaries have a similar large
obliquity, we had underestimated their fraction.
Corresponding author: Audrey Thirouin
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Recently, several likely and potential contact binaries
were found in the Kuiper region through lightcurve stud-
ies (Lacerda et al. 2014; Thirouin & Sheppard 2017; Thi-
rouin et al. 2017; Thirouin & Sheppard 2018, 2019; Ra-
binowitz et al. 2018, In preparation). The definition of
likely, confirmed and potential contact binaries is avail-
able in Thirouin & Sheppard (2019). To summarize, a
confirmed contact binaries displays a lightcurve ampli-
tude larger than 0.9 mag and a U-/V-shape morphology
whereas a likely contact binary has also a large ampli-
tude, but below the 0.9 mag threshold. Also, in Thirouin
& Sheppard (2019), we report several potential contact
binaries showing a large lightcurve amplitude but unfor-
tunately without a full lightcurve allowing us to classify
them as likely/confirmed contact binaries, and thus to
be conservative we consider them as potential contact
binaries as more data are needed to classify them. Fi-
nally, the flyby of 2014 MU69 by the NASA New Hori-
zons spacecraft and its stellar occultation confirmed that
this dynamically Cold Classical trans-Neptunian object
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(TNO) is also a contact binary (Stern et al. 2019; Moore
et al. 2018). Currently, the census of contact binaries is:
• In the dynamically Cold Classical population: one
confirmed, 2014 MU69, two likely, 2002 CC249 and
2004 VC131, and two potential, 2004 MU8 and
2004 VU75 (Thirouin & Sheppard 2017, 2019).
• In the 3:2 resonance (or Plutino population): one
confirmed, 2001 QG298, and four likely, 2014 JQ80,
2014 JO80, 2014 JL80 and 2000 GN121 (Thirouin &
Sheppard 2018; Lacerda 2011; Sheppard & Jewitt
2004).
• In the 2:1 resonance (or twotino): one likely,
2012 DX98 (Thirouin & Sheppard In preparation).
• In the 7:4 resonance: Manwe¨-Thorondor is a re-
solved wide binary and to interpret the mutual
event season, it has been argued that Manwe¨ (i.e.,
the primary) is a contact binary (Rabinowitz et al.
2017; Rabinowitz et al. 2018). 2013 FR28 is also
a likely contact binary based on its large ampli-
tude partial lightcurve (Thirouin & Sheppard In
preparation).
• In the 5:2 resonance: one likely, 2004 TT357 (Thi-
rouin et al. 2017).
• In the Haumea family: one likely, 2003 SQ317 (Lac-
erda et al. 2014).
To summarize, the contact binary population can be
up to fifteen TNOs: five dynamically Cold Classical,
nine resonant TNOs and one in the Haumea family.
Based on the number of objects observed for large ampli-
tude lightcurves, Thirouin & Sheppard (2018) find that
40-50% of the Plutinos are equal-sized contact binaries
while Thirouin & Sheppard (2019) found only 10-25% of
Cold Classicals are likely near-equal sized contact bina-
ries. This suggests that dynamical evolution is impor-
tant in contact binary formation.
So far, we have studied the contact binary rotational
properties but in this work, we will focus on their sur-
face colors. The Kuiper belt has a variety of colors
from neutral to ultra-red objects (Peixinho et al. 2015;
Marsset et al. 2019). Some sub-populations are show-
ing some specific color characteristics. The dynami-
cally Cold Classical population with mostly only very-
red/ultra-red (Peixinho et al. 2004). The resonances 7:4
and 5:3 within the main Kuiper belt are mostly ultra-
red. The 3:2 and 2:1 resonances, just interior and exte-
rior of the Kuiper belt are a mixture of colors. The 5:2,
3:1 and more distant resonances show mostly only mod-
erately red colors (Sheppard 2012). The very-red/ultra-
red colors indicate an in-situ formation beyond Nep-
tune whereas the mixture of colors suggest that objects
formed in the inner and outer Solar System are now
trapped in some resonances (Sheppard 2012; Fraser &
Brown 2012).
Following, we will report new colors for seven contact
binaries and summarize the already published colors of
seven more. We will use colors to pinpoint where these
contact binaries may have formed, and we will look for
tendencies between colors and orbital elements that may
differentiate the contact binaries from the other TNOs.
2. OBSERVATIONS AND REDUCTION
Data were obtained with the Magellan-Baade tele-
scope at Las Campanas Observatory (Table 1). For all
the observing runs, the wide-field imager named IMACS
was used. IMACS has eight 2k×4k CCDs and a field of
view of 27.4′.
When observing an object for colors, it is crucial to
take into account its lightcurve (Schwamb et al. 2018).
In fact, the lightcurve amplitude correction will affect
the colors in case of moderate to large variability ob-
jects. To minimize such an effect, images were taken
consecutively and thus the amplitude correction is not
needed. Rotational periods of the objects in this work
are between 6 and 35 h (some periods are still to be
determined, but seem to be longer than 10 h). Our ex-
posure times were between 300 and 500 s depending on
filters and the brightness of the objects and thus we are
only covering a small fraction of the full rotation during
the color measurements.
Every night, several biases and dome flats (in g’, r’
and i’ filters) were taken to create a median flat (in
each filter) and a median bias to correct the science
images. Standard fields from Smith et al. (2005) were
also imaged for absolute calibration purposes. Finally,
the growth curve technique was used to select the op-
timal aperture radius (Howell 1989). Our procedure is
detailed in Thirouin et al. (2012).
3. COLOR RESULTS: NEW AND PUBLISHED
As displayed in Figure 1, we first report new col-
ors of seven likely and potential contact binaries dis-
covered by Thirouin & Sheppard (2018, 2019). Sec-
ond, we will summarize the already published colors
of five likely/confirmed contact binaries. In this sec-
tion, we will focus on contact binaries identified through
lightcurves studies. The special cases of 2014 MU69 and
Manwe¨-Thorondor will be discussed in the next Section.
3.1. New Cold Classical Contact Binary Colors
2004 VC131 —This dynamically Cold Classical rotates
every 15.7 h and has a variability of 0.55 mag (Thi-
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Table 1. Observing circumstances are available in this table. All runs made use of the Sloan filters (g’r’i’). Two columns are for the object’s
dynamical classification and inclination. The last seven objects have colors already published (i.e., no observing log to report). The case of
Manwe¨-Thorondor ((385446) 2003 QW111) will be discussed in Section 4.
TNO UT-date rh ∆ α Dyn. i g’-r’ g’-i’ Reference
[MM/DD/YYYY] [AU] [AU] [◦] Class. [◦] [mag] [mag]
2004 VC131 12/12/2018 40.776 39.852 0.5 Cold 0.5 0.89±0.06 1.40±0.05 This work
2004 VU75 12/12/2018 43.667 42.933 0.9 Cold 3.3 0.96±0.06 1.42±0.05 This work
2012 DX98 03/01/2019 34.376 35.123 1.1 2:1 13.1 0.85±0.06 1.25±0.06 This work
2013 FR28 03/02/2019 33.577 34.253 1.2 7:4 3.0 0.95±0.05 1.36±0.05 This work
2014 JL80 02/03/2019 28.471 28.749 1.9 3:2 6.2 0.74±0.05 - This work
2014 JO80 05/17/2018 32.192 31.231 0.6 3:2 15.7 0.67±0.03 0.91±0.03 This work
2014 JQ80 03/03/2019 31.686 31.850 1.8 3:2 8.0 0.76±0.05 1.05±0.05 This work
2004 TT357 - - - - 5:2 9.0 0.74±0.03 0.99±0.04 Thirouin et al. (2017)
(139775) 2001 QG298
a - - - - 3:2 6.5 0.80±0.03 - Sheppard & Jewitt (2004)
(47932) 2000 GN171
a - - - - 3:2 10.8 0.80±0.04 1.21±0.04 Sheppard & Jewitt (2002)
(385446) 2003 QW111 - - - - 7:4 2.7 0.85±0.06 1.20±0.05 Sheppard (2012)
(126719) 2002 CC249 - - - - Cold 0.8 0.97±0.06 1.24±0.05 Thirouin & Sheppard (2017)
(486958) 2014 MU69
a - - - - Cold 2.5 0.95±0.14 1.42±0.14 Benecchi et al. (2018)
2004 MU8 - - - - Cold 3.6 1.15±0.17 - Petit et al. (2011)
2003 SQ317
a - - - - Haumea 28.6 0.46±0.18 - Lacerda et al. (2014)
aObjects with colors in the BVRI filters. Smith et al. (2002) used to convert to the Sloan filter system.
rouin & Sheppard 2019). Its colors are ultra-red
and are typical of the Cold Classical population: g’-
r’=0.89±0.06 mag and g’-i’=1.40±0.05 mag.
3.2. New Resonant Contact Binary Colors
2014 JL80 —With a periodicity of about 35 h, the
Plutino 2014 JL80 is the slowest likely contact binary
reported so far (Thirouin & Sheppard 2018). We im-
aged 2014 JL80 and computed: g’-r’=0.74±0.05 mag.
This color suggests a moderately red surface.
2014 JO80 —Thirouin & Sheppard (2018) identified
2014 JO80 as a likely Plutino contact binary. Based on
data obtained on May 17th, 2018, we derive moderately
red colors: g’-r’=0.67±0.03 mag, r’-i’=0.24±0.03 mag
and g’-i’=0.91±0.03 mag.
2014 JQ80 —Thirouin & Sheppard (2018) reported
2014 JQ80 as a likely contact binary in the Plutino pop-
ulation. Based on images obtained in March 2019, we
estimate moderately red colors: g’-r’=0.76±0.05 mag,
and g’-i’=1.05±0.05 mag.
2012 DX98 —This 2:1 resonant object has a periodicity of
20.80 h, a variability of 0.47 mag, and its lightcurve mor-
phology suggests a contact binary configuration (Thi-
rouin & Sheppard In preparation). Its colors are very-
red: g’-r’=0.85±0.06 mag and g’-i’=1.25±0.06 mag.
2013 FR28 —This resonant 7:4 object is a likely contact
binary based on its variability of about 0.8 mag in a few
hours (Thirouin & Sheppard In preparation). Based on
data carried out in March 2019, we find an ultra-red
color: g’-r’=0.95±0.05 mag, and g’-i’=1.36±0.05 mag.
3.3. New and Published Target of Interest Colors
The next two objects, 2004 MU8 and 2004 VU75,
were identified as targets of interest based on their large
lightcurve amplitudes over a few hours (Thirouin &
Sheppard 2019).
2004 MU8 —Petit et al. (2011) reported some color infor-
mation for 2004 MU8. More details are available regard-
ing these colors at the Besanc¸on photometric database
for Kuiper-Belt Objects and Centaurs 1. There are 4
g’-bands, 4 r’-bands and 1 i’-band. Unfortunately, the
data are from several nights and the g’ and r’ bands are
not consecutive, so lightcurve amplitude can be an is-
sue. The median in g’ is 6.82 mag and the median in r’ is
5.66 mag, so g’-r’=1.15 mag suggesting that 2004 MU8 is
ultra-red. But further observations should be obtained
to confirm this color.
1 https://bdp-obs.utinam.cnrs.fr/src base/download.php
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2004 VU75 —This target of interest displays a variabil-
ity of ∼0.4 mag over few hours. Thirouin & Shep-
pard (2019) presented several potential lightcurves but
did not favor any option. Colors of 2004 VU75 are:
g’-r’=0.96±0.06 mag and g’-i’=1.42±0.05 mag. This
ultra-red color is typical of the Cold Classical popula-
tion.
3.4. Published Contact Binary Colors
Several confirmed/likely contact binaries have color
results already published.
2002 CC249 —This dynamically Cold Classical TNO
was identified as a likely contact binary by Thirouin
& Sheppard (2017). They found an ultra-red color of
g’-r’=0.97±0.06 mag, and g’-i’=1.24±0.05 mag.
2001 QG298 —Sheppard & Jewitt (2004) classified this
Plutino as a contact binary based on its lightcurve mor-
phology and the extreme amplitude of 1.14 mag. Lac-
erda (2011) obtained a second lightcurve with a smaller
amplitude of 0.7 mag. The amplitude change is com-
patible with a system with a large obliquity observed at
different viewing geometries. Sheppard & Jewitt (2004)
estimated the following colors2: V-R=0.60±0.02 mag
and B-V=1.00±0.04 mag. There is no I-band available
for this object.
2000 GN171 —Sheppard & Jewitt (2002) reported the
first lightcurve of the Plutino 2000 GN171 with a ro-
tation of 8.3 h for a variability of 0.61 mag. The sec-
ond lightcurve obtained by Dotto et al. (2008) confirmed
such a find. Lacerda & Jewitt (2007) inferred that the
lightcurve can be due to a triaxial ellipsoid or due to
a contact binary. Recently, we favored the contact bi-
nary option (see Thirouin & Sheppard (2018) for de-
tails). Colors3 obtained by several teams are in agree-
ment: V-R=0.63±0.03 mag, B-V=0.92±0.04 mag, and
R-I=0.56±0.03 mag (Sheppard & Jewitt 2002; Boehn-
hardt et al. 2002; Doressoundiram et al. 2007; Tegler et
al. 2016).
2004 TT357 —Sheppard (2012) collected a large color
dataset for objects in Neptune’s resonances. 2004 TT357
was one of the 5:2 resonant in this sample. Sheppard
(2012) calculated the following colors: g’-r’=0.74±0.03 mag,
and g’-i’=0.99±0.04 mag.
2 The conversion to the Sloan system gives: g’-
r’=0.80±0.03 mag.
3 We calculated: g’-r’=0.80±0.04 mag and g’-i’=1.21±0.04 mag
(Smith et al. 2002).
2003 SQ317 —Lacerda et al. (2014) obtained a large am-
plitude lightcurve (0.85 mag) with a period of 7.21 h for
this object. They also measured a B-R=1.05±0.18 mag.
2003 SQ317 belongs to the Haumea family
4 (Lacerda et
al. 2014; Snodgrass et al. 2010).
4. DISCUSSION
4.1. The Dynamically Cold Classical population
So far, two likely contact binaries (2004 VC131
and 2002 CC249) and two potential contact binaries
(2004 MU8 and 2004 VU75) have been identified in
the dynamically Cold Classical population through
lighcurve studies (Thirouin & Sheppard 2019, 2017).
To this list, we have to add 2014 MU69 which based on
the New Horizons flyby is a contact binary (Stern et al.
2019). Colors of 2014 MU69 were obtained before the
flyby with the HST (Hubble Space Telescope). Benecchi
et al. (2018) reported a very red surface for this object
with a F606W-F814W=1.03±0.14 mag5 using the HST
set of filters. Using Benecchi et al. (2018) and Smith
et al. (2002), we derived g’-i’=1.42±0.14 mag and g’-
r’=0.95±0.14 mag for 2014 MU69. This very red color
was confirmed by the flyby data (Stern et al. 2019).
In Figure 1, color results for these five contact binaries
are plotted. They all6 have a g’-r’>0.85 mag suggest-
ing that their surfaces are ultra-red. This color is typi-
cal of the dynamically Cold Classical TNOs, which may
be further distinguished by their color through z-band
photometry (Pike et al. 2017). It is thought that the
dynamically Cold Classicals have been formed roughly
where they are now, and they never suffered any catas-
trophic collisional processes (Batygin et al. 2011). With
an in-situ formation, they are considered the most pris-
tine objects among the TNOs and their surfaces are also
likely primordial. As our likely/potential contact bina-
ries and 2014 MU69 also display the typical color of the
rest of the dynamically Cold Classical TNOs, they have
likely also formed in-situ, and thus are not interlopers
in this population.
4.2. The 3:2, 2:1, 7:4 and 5:2 resonances
Neptune’s mean motion resonances are interesting to
understand Neptune’s migration towards the outer Solar
System as well as constrain if the migration was smooth
4 g’-r’=0.46±0.18 mag using the previously mentioned conver-
sion
5 Benecchi et al. (2018) converted this set of filters to V-
I=1.35 mag.
6 2014 MU69 is close to our very-red/ultra-red separation, but
we want to emphasize that we had to convert the Benecchi et al.
(2018) color estimate to g’-r’ and thus the uncertainty is larger
than wanted.
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Figure 1. Colors of resonant (blue open circles) and dynamically Cold Classical TNOs (red open squares) are plotted for non-
contact binary. Values are from Sheppard (2012); Peixinho et al. (2015), and references therein. Dynamically Cold Classicals
discussed in this work as potential/likely contact binaries are indicated with a purple star whereas the resonant potential/likely
contact binaries are plotted with a green star. As the i-bands for 2001 QG298, 2003 SQ317, 2004 MU8, and 2014 JL80 are not
available, only the g’-r’ is plotted (green right triangles for resonant objects, orange for the Haumea family member, and purple
triangle for the Cold Classical). In the case of 2004 MU8, there is one image in the i’-band but for reasons detailed in Section 3,
we are not considering it. Manwe¨-Thorondor and 2014 MU69 are included in this plot.
or grainy (Nesvorny´ 2015). Sheppard (2012) studied in
detailed the color distribution of resonant TNOs using
new data and the literature. Thirteen resonances were
studied in Sheppard (2012), but here we will only dis-
cuss the resonances where contact binaries have been
discovered (i.e., 3:2, 2:1, 7:4 and 5:2). The dynamically
Cold Classical population is “delimited” by the 3:2 (at
39.4 AU) and 2:1 resonances (47.8 AU). The 3:2 and 2:1
have a large variety of colors suggesting that these reso-
nances have trapped objects from different areas of the
Solar System. The distant 5:2 resonance at 55.4 AU is
dominated by moderately-red objects unlike the 7:4 (at
43.7 AU) within the main classical Kuiper belt that has
only ultra-red objects (Sheppard 2012).
So far, only one TNO in the 5:2 resonance is classified
as likely contact binary: 2004 TT357 with moderately-
red color, similar to the color found for most 5:2 objects.
In the 2:1, 2012 DX98 is a likely contact binary
with a very-red surface. In the 3:2 resonance, five
likely/confirmed contact binaries have been found:
2001 QG298 and 2000 GN171 with very-red surfaces,
and 2014 JL80, 2014 JQ80, and 2014 JO80 with a
moderately-red surface so the 3:2 contact binaries show
a range of colors like the general 3:2 population.
In the 7:4, 2013 FR28 displays an ultra-red color. Lots
of ultra-red TNOs have been found at low inclination in
the 5:3 and 7:4 resonances. Such a find is not surpris-
ing as these resonances are near the dynamically Cold
Classical population, at 42.3 AU and 43.7 AU. These
ultra-red objects were likely formed in the Cold Classi-
cal population but are now trapped in resonances (i.e.,
escaped Cold Classicals).
Based on their color survey, Sheppard (2012) also
found low-inclination ultra-red objects in inner and
outer resonances suggesting that escaped Cold Classicals
can be trapped further out and in from their main reser-
voir between the 3:2 and 2:1 resonances. Once trapped
in resonances, objects can dynamically diffuse and end
up with higher inclination. Therefore, finding escaped
Cold Classical at higher inclination is possible.
The 2:1 object, 2012 DX98, could be an escaped Cold
Classical based on its very red color. 2013 FR28 is likely
from the Cold Classical population based on its ultra-red
color. The very red colors of the Plutinos 2000 GN171
and 2001 QG298 make them possible candidates of es-
caping the Cold Classical region.
Four of our likely contact binaries, 2014 JL80,
2014 JO80, 2014 JQ80, and 2004 TT357 have moderately
6 Audrey Thirouin and Scott S. Sheppard
Figure 2. Color distribution in the Kuiper belt : We plotted all TNOs with known colors (upper plot). Only objects with a
semi-major axis from 30 to 70 AU are reported for clarity. Stars in the lower plot represent the contact binaries reported in this
work. Same color code used for both plots.
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red surfaces and thus are not linked to the dynamically
Cold Classical population. Moderate colors are typical
of the Scattered Disk, the Detached Objects and the
Hot Classicals, and thus we are not able to pinpoint
the exact origin of these three likely contact binaries
(Sheppard 2012).
Finally, we highlight the case of Manwe¨-Thorondor
(aka (385446) 2003 QW111). This object is a resolved
wide-binary in the 7:4 resonance at low inclination
(Grundy et al. 2014). In order to interpret the lightcurve
of this system as well as its mutual event season, it
is proposed that the primary, Manwe¨, is a contact bi-
nary (Rabinowitz et al. 2018, In preparation). The
colors of the system have been obtained by Sheppard
(2012): g’-r’=0.85±0.06 mag, g’-i’=1.20±0.05 mag, and
r’-i’=0.40±0.04 mag. These values are consistent with
Grundy et al. (2014) estimates using HST data. There-
fore, Manwe¨-Thorondor displays a very-red surface close
to the ultra-red region and thus making it likely from the
Cold Classical population.
In conclusion, there are six ultra-red, five very-red,
three moderately-red and one neutral contact binaries.
4.3. The Haumea family
The Haumea family was discovered as a cluster of ob-
jects with similar icy surface composition and proper
orbital elements by Brown et al. (2007). Over the years,
several objects have been added to the family and it was
also argued that rockier members could be part of the
family too (Volk & Malhotra 2012; Trujillo et al. 2011;
Snodgrass et al. 2010; Schaller & Brown 2008; Ragozzine
& Brown 2007; Brown et al. 2007). Lightcurves have
been analyzed for the members and candidates of the
family (Thirouin et al. 2016; Hastings et al. 2016; Lac-
erda et al. 2014; Carry et al. 2012). One of the con-
firmed member, 2003 SQ317 is a likely contact binary
and was characterized by Lacerda et al. (2014). This
object has the typical neutral to blue color of the rest
of the icy family members. It is unclear how this ob-
ject formed, mainly because it it still unclear how the
family was formed. Rotational fission, graze and merge
impact, catastrophic collision have been proposed but
none of these model is able to fully match the observ-
ables (Campo Bagatin et al. 2016; Ortiz et al. 2012;
Leinhardt et al. 2010; Schlichting & Sari 2009; Brown et
al. 2007). As the history of this family is different than
the rest of the TNOs, this family should be treated as a
separate case. The formation of 2003 SQ317 as contact
binary is likely different than the formation of the other
contact binaries.
4.4. Colors versus Orbital Elements, Sizes and
Rotational Periods.
First of all, we emphasize that the number of con-
tact binaries in the Kuiper belt is still very limited, and
thus all the trends presented in this sub-section have to
be taken with caution. Discovering and characterizing
more contact binaries are needed to improve our under-
standings of this population.
As mentioned, escaped Cold Classical TNOs have
been found in several resonances, generally at low incli-
nation, but some are also at higher inclinations (Shep-
pard 2012). The very-red/ultra-red resonant contact bi-
naries have inclination from i=2.7 to 13.1◦ whereas the
moderately-red resonants have i=6.2 to 15.7◦ (Table 1,
Figure 2). In all cases, resonants discussed in this work
have low to moderate inclinations (2.7-15.7◦). In the
case of the Cold Classicals, their inclinations are lower
than 3.6◦ whereas the Haumea family member has the
highest inclination with i=28.6◦.
There is an anti-correlation between inclination and
g’-r’ suggesting that the redder objects are at lower
inclination (Figure 3). Using Spearman (1904) tech-
nique, this anti-correlation has a ρ=-0.740 and a signif-
icance level of 99% using our entire sample. Without
the Haumea family member, we have ρ=-0.680 and a
significance level of 99%.
The anti-correlation between inclination and color was
first noticed by Tegler & Romanishin (2000) for the Clas-
sical population. In fact, the ultra-red material is at
low inclination with a cut-off of 5-10◦ and corresponds
to the dynamically Cold Classical TNOs. Several stud-
ies looked for similar anti-correlation across the sub-
populations as well as the entire belt (Sheppard 2012;
Peixinho et al. 2015; Tegler et al. 2016; Marsset et al.
2019). Using the entire belt, the tendency was not obvi-
ous but a recent study by Marsset et al. (2019) suggests
that such a trend exists. Therefore, the contact binary
sample seems to follow the same tendency as the rest of
the trans-Neptunian belt.
There is an anti-correlation between eccentricity and
g’-r’ suggesting that the redder objects are at low eccen-
tricity, but the significance level is low. Using the entire
sample, we found ρ=-0.505 with a significance level of
94%, Without the Haumea family member (2003 SQ317),
we estimated ρ=-0.706 at 99%. Also, there is a poten-
tial correlation between colors and perihelion distance.
With the entire sample, the correlation has a ρ=0.593 for
a significance level of 97%, but without 2003 SQ317 we
found ρ=0.815 at 99%. There is no evidence for strong
correlation/anti-correlation between colors and perihe-
lion distance and eccentricity among the entire trans-
Neptunian belt (Peixinho et al. 2015). Therefore, it is
unclear if these trends are characteristic of the contact
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Figure 3. Orbital elements, absolute magnitude and rotational period versus g’-r’: Objects discussed in this work are plotted.
The legend is: red squares for dynamically Cold Classicals, blue triangles for Plutinos, green circle for 5:2 resonant, cyan hexagon
for 7:4 resonants, purple hexagon for 2:1 object and orange diamond for Haumea family member. There is an anti-correlation
between inclination and g’-r’ and a correlation between rotational period and colors.
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binary population or if we are dealing with an observa-
tional bias due to our limited sample.
Rotational periods have been derived for most of the
confirmed and likely contact binaries. Only 2004 VU75,
2004 MU8 and 2013 FR28 do not have a rotational
lightcurve yet. We found a potential correlation between
colors and periods suggesting that the redder objects
are slow rotators. Using our entire sample, we com-
puted ρ=0.471 at 88% but without 2014 JL80 (the slow-
est rotator), ρ=0.680 at 97% (Figure 3). Colors are an
indicator of age: bluer objects have younger surfaces
whereas the redder ones are primordial older surfaces.
Collisions can expose icy material and thus resurface an
object making it bluer as well as affect its rotation. As-
suming that collisions spin up the rotation, the bluer
objects are the youngest, are fast rotators and have suf-
fered a strong collisional history. However, Thirouin et
al. (2016) inferred that the Haumea family members (i.e.
blue objects) tend to rotate faster than the other TNOs
and Thirouin & Sheppard (2019) suggested that the dy-
namically Cold Classical TNOs (i.e., very-red/ultra-red
objects) tend to rotate slowly. In both studies, we ar-
gued that these differences are likely due to the forma-
tion/evolution of these objects. It also seems that the
escaped Cold Classicals identified as likely contact bina-
ries are also rotating slower than the rest of the TNOs,
as the rest of the dynamically Cold Classical TNOs (Thi-
rouin & Sheppard 2019).
Finally, we also looked for any trend between colors
and absolute magnitude (Figure 3). But, there is no ob-
vious trend. Similarly, there is no trend between colors
and the other orbital elements.
4.5. Implication for the formation of contact binaries
The contact binary population does not display any
significant differences in color compared to the rest of
the TNOs (based on our limited sample).
In Thirouin & Sheppard (2018, 2019), we derived that
40-50% of the Plutinos and only 10-25% in the dynam-
ically Cold Classical population could be nearly equal-
sized contact binaries. There is no estimate for the 2:1,
7:4 and 5:2 resonances yet, but if they are similar to the
3:2, we may expect a large number of contact binaries.
Also, it seems that the resonances are a good place to
look for contact binaries as more than half of them have
been found in resonances.
The formation of contact binaries is still an open ques-
tion. Four models have been proposed: i) Kozai and
other dynamical effects can shrink the orbit of wider
binaries (Porter & Grundy 2012), ii) fragmentation dur-
ing gravitational collapse of a cloud of particles during
formation (Nesvorny´ et al. 2010), iii) three-body type in-
teractions (Goldreich et al. 2002), and iv) gentle collision
between two objects (Stern et al. 2019). Because the dy-
namically Cold Classical population never suffered any
strong collisional evolution, the gentle collision process
seems to be an adequate option, but we cannot discard
the other options. However, because resonances have
a different formation and evolution, the gentle collision
seems unlikely to explain the creation of contact bina-
ries in resonances. These differences in dynamical his-
tory also likely account for the difference in the wide
binary fraction seen for the Cold Classicals compared to
the resonances and scattered disk objects (see Thirouin
& Sheppard (2019)). That is, the more significant dy-
namical interactions likely experienced by the resonance
and scattered objects caused most wide binaries to be
unstable, with the wide secondary either being lost from
the system or possibly collapsing down to form a closer
or contact binary (see also Thirouin & Sheppard (2019)
and Nesvorny´, & Vokrouhlicky´ (2019)).
Despite finding a handful of contact binaries in the dy-
namically Cold Classicals, we have hints, based on their
ultra-red/very-red colors and low/moderate inclination,
that several escaped Cold Classicals are contact bina-
ries. In fact, there are ten ultra-red/very-red (five in
resonances and 5 in the Cold Classical population) and
five moderately-red/neutral contact binaries. Therefore,
despite the limited sample, it seems that some of the
contact binaries in resonances are linked (or potentially)
to the Cold Classicals.
For the escaped Cold Classical contact binaries, it is
necessary to discuss where they have been formed. The
contact binary could have been formed in the dynami-
cally Cold Classical population and escaped as contact
binary or it could have been formed once in resonance
(or during its escape). As the dynamically Cold Clas-
sical population is dominated by resolved wide binaries
it is not unrealistic to expect that resolved wide bina-
ries were able to escape their main reservoir and are
now trapped in resonances. With the discovery of a
wide binary with ultra-red color in the 3:2 population
((341520) Mors-Somnus, 2007 TY430), the feasibility of
this scenario has been demonstrated (Sheppard et al.
2012). Then, through dynamical processes and/or tidal
effects, these wide binaries can shrink their orbits and
end up as contact binaries. On the other hand, if a wide-
binary like 2007 TY430 is able to conserve its binarity
after escaping the dynamically Cold Classical popula-
tion despite the fact that wide binaries are very sensi-
tive to perturbation, a contact binary in a such compact
configuration will keep its binarity (Parker et al. 2011).
Interestingly, based on our survey of Cold Classical
lightcurves, we are not finding a lot of contact bina-
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ries in this population as in the Plutino one (Thirouin
& Sheppard 2018, 2019). Assuming that escaped Cold
Classical classified as contact binaries were formed in
their main reservoir, we should find a lot of contact bi-
naries in the Cold Classical population. Therefore, it
seems more likely that the escaped Cold Classical con-
tact binaries were formed after or during their escape
from the main reservoir. The different dynamical evolu-
tion of the resonant TNOs compared to the Cold Classi-
cal population may be a clue to understand the contact
binary formation.
5. SUMMARY AND CONCLUSIONS
We report new color measurements for seven likely
and potential contact binaries in the Kuiper belt. Our
results are:
• All the potential and likely contact binaries in
the dynamically Cold Classicals display very-
red/ultra-red surface colors. These colors are
typical for this sub-population and thus they have
likely formed in-situ.
• The resonant trans-Neptunian objects reported
in this work display a variety of colors from
moderately-red to ultra-red. Four have very-red
color and one has ultra-red color, making them
potentially escaped Cold Classicals. Four have
moderately red surfaces and thus are not linked
to the dynamically Cold Classical population. As
moderately-red surface colors are common in sev-
eral sub-populations of TNOs, we cannot pinpoint
their origin, but they were likely scattered to their
current location.
• There is a strong anti-correlation between incli-
nation and g’-r’. Similar trend is noticed in the
entire Kuiper belt. We also present a potential
correlation between perihelion distance and color,
between rotational period and colors as well as an
anti-correlation between eccentricity and color. It
is unclear if these trends are real or are due our
too limited sample. Finding more contact binaries
will help to confirm these trends.
• For the escaped Cold Classicals classified as likely
contact binaries, they can form in the main reser-
voir of Cold Classical or once trapped in reso-
nances. It is possible that resolved wide binaries
escaped their main reservoir and through dynam-
ical processes they shrunk their orbit and are now
an end-state binary system in a contact configura-
tion. A second option is that contact binaries were
formed in the dynamically Cold Classical popula-
tion and escaped as contact binaries. Because we
are not finding a lot of contact binaries in the Cold
Classical population, and because so far the reso-
nances have been the most prolific, we suggest that
the formation of contact binaries happened from
dynamical interactions during or after their escape
from the main reservoir.
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